INTRODUCTION
Plants produce an amazing diversity of secondary metabolites of which several classes of compounds occur only in individual plant lineages. These metabolites are essential for the survival of the plant in its specific environment, as they are involved in processes such as defense against herbivores and pathogens, protection against UV radiation, or attraction of pollinators (Harborne, 1993; Hartmann, 2007) . Secondary metabolites thus provide adaptive characters that should be under strong selective pressure, and the biosynthetic pathways of secondary metabolism that generally encompass many, highly specific enzymes are shaped and maintained by selection. Therefore, secondary metabolism and the enzymes involved therein are suitable for the study of molecular evolutionary mechanisms of adaptation and enzyme evolution in particular (Pichersky and Gang, 2000; Grotewold, 2005) . In this regard, pyrrolizidine alkaloid (PA) biosynthesis has proved to be a powerful model system (Ober, 2005 (Ober, , 2010 Ober and Kaltenegger, 2009) .
PAs are typical compounds of secondary metabolism and encompass more than 350 structures. They are characterized by a nitrogen-containing bicyclic ring system, the necine base, which is esterified with one or more necic acids. Because of the observed feeding deterrence, PAs are regarded as part of the chemical defense of plants (Dreyer et al., 1985; Singer and Stireman, 2003; Hristov and Conner, 2005; Siciliano et al., 2005; Reinhard et al., 2009) . PAs occur in several unrelated angiosperm families, one of which is the Convolvulaceae (Hartmann and Witte, 1995; Langel et al., 2011) . Sequence identity and examination of the reaction mechanism suggest that the first specific enzyme of the pathway, homospermidine synthase (HSS), evolved from the gene encoding deoxyhypusine synthase (DHS) by gene duplication (Ober and Hartmann, 1999a) . DHS, an enzyme of primary metabolism, is involved in the posttranslational activation of the eukaryotic initiation factor 5A (eIF5A). DHS transfers the amino butyl moiety of spermidine to a specific protein-bound Lys residue, forming the rare amino acid deoxyhypusine (Chen and Liu, 1997; Park et al., 1997) . DHS, although favoring the eIF5A precursor protein, can also accept putrescine as an amino butyl acceptor, catalyzing the formation of homospermidine. This side activity is regarded as being responsible for the occurrence of small amounts of homospermidine throughout the angiosperms and even in some mosses (Ober et al., 2003a) . Kinetic and binding studies have shown that HSS of the PA-producing plant Senecio vernalis (Asteraceae) has lost the ability to bind the eIF5A precursor protein but has maintained the ability to catalyze the formation of homospermidine by binding putrescine as a substrate (Ober et al., 2003b) . Homospermidine is not part of the highly dynamic polyamine pool of primary metabolism but is exclusively incorporated into the necine base moiety of PAs (Böttcher et al., 1993 (Böttcher et al., , 1994 . Phylogenetic analyses of DHS-and HSS-coding cDNA sequences from PA-producing plants of various angiosperm lineages have shown that HSS evolved from several individual duplication events of ancestral dhs genes (Reimann et al., 2004) . Two independent gene duplications have been detected early in the lineages of the monocots and the Boraginales, and a further two gene duplications occurred within the Asteraceae. In all these cases of HSS evolution, the recruitment of a dhs gene duplicate was accompanied by the loss of the ability to bind the eIF5A precursor protein to the enzyme's active site (Reimann et al., 2004) .
Gene duplications provide the raw material for evolutionary novelties (Zhang, 2003; Freeling and Thomas, 2006; Wapinski et al., 2007) . Analysis of the functional fate of duplicate genes has revealed that duplicated genes rarely diverge with respect to biochemical function but typically diverge with respect to regulatory control (Gu et al., 2002; Wapinski et al., 2007) . With regard to the less frequent case in which gene duplications lead to functional innovation by one of the copies, several models are discussed in the literature. The most prominent models are the model of neofunctionalization (Ohno, 1970; Conant and Wolfe, 2008) , the subfunctionalization hypothesis including the duplication, degeneration, complementation model (Hughes, 1994 (Hughes, , 2002 Force et al., 1999; Lynch and Force, 2000) , and the escape from adaptive conflict model (Des Marais and Rausher, 2008) . The testing for positive Darwinian selection has been suggested to distinguish between models (Conant and Wolfe, 2008) . The most convincing signal of positive selection is an accelerated rate of nonsynonymous nucleotide substitution, a signal that is often obscured by numerous subsequent neutral changes occurring during longer periods of time after the duplication event (Long et al., 2003; Hughes, 2005) . Studies of the evolution of HSS by the duplication of the dhs gene might provide insights into the mechanisms that gave rise to the repeated establishment of functional innovation during angiosperm evolution.
We have chosen to study the morning glory family (Convolvulaceae), which comprises ;1600 to 1700 species (Mabberley, 1987; Miller et al., 2002; Stefanovic et al., 2003) . A screen of ;150 species from 23 genera of this family, particularly with regard to the occurrence of various classes of alkaloids, has shown that PAs occur only in individual unrelated species of one of the two major clades of this family (Eich, 2008) . Of note, the structures of detected PAs are surprisingly diverse, suggesting that, within this family, PA biosynthesis might have evolved several times independently. Such a scenario has been demonstrated for HSS evolution in the Asteraceae, in which independent duplications of the dhs gene and subsequent recruitment of the duplicated gene for PA biosynthesis have been found within the tribes Senecioneae and Eupatorieae. Both tribes are characterized by different types of PAs, the senecionine type and the lycopsamine type, respectively (Reimann et al., 2004; Hartmann and Ober, 2008) . The diverse PAs of the Convolvulaceae include (1) the ipangulines and minalobines, which are characterized by 1,2-saturated necine bases forming monoand diesters with aromatic and aliphatic necic acids ( Figure 1A ) detected in Ipomoea species of the section Mina (Jenett-Siems et al., 1993 ; (2) PAs of the triangularine type (i.e., necine bases esterified with mainly aliphatic C 5 -necic acids) ( Figure  1B ), detected in Ipomoea meyeri, a species of the section Pharbitis series Pharbitis (Tofern, 1999; Eich, 2008) ; (3) PAs of the lycopsamine type found within Merremia quinquefolia ( Figure 1C ), the only species within this family in which 1,2-unsaturated PAs have been identified (Mann, 1997; Eich, 2008) ; and (4) the lolines ( Figure 1D ), found in Argyreia mollis . Lolines are wellstudied compounds from certain poaceous species in which they are synthesized by seed-transmitted fungal endophytes (Schardl, 2009) . Tracer experiments have revealed that, in contrast with plants, not polyamines but Pro and homoserine are precursors of the lolines (Blankenship et al., 2005) . Alkaloid-producing endophytes have also been described to occur in species of the Convolvulaceae (Steiner et al., 2006; Markert et al., 2008) . As lolines in Argyreia might be products of as yet undiscovered fungal symbionts (Schardl et al., 2007) , we excluded this species from our study and focus on the PA-producing species of the genus Ipomoea (sections Mina and Pharbitis) and Merremia in comparison with other PA-free species. Recent phylogenetic analyses confirm that these three groups of PA-producing species are not closely related within the clade 1 sensu Stefanovi c (Stefanovic et al., 2002 (Stefanovic et al., , 2003 , one of the two major clades representing most of the species of the Convolvulaceae.
By identifying DHS-and HSS-coding sequences in selected species of the Convolvulaceae and reconstructing the gene evolution by phylogenetic methods, we are able to show that only one gene duplication event in the lineage of the Convolvulaceae gave rise to the evolution of HSS. Furthermore, we present evidence that, in several species, the inability to produce PAs might be attributable to a loss or inactivation of this gene copy, although, in one PA-free species, Ipomoea alba, a functional hss gene has been detected. We have also been able to demonstrate, by statistical methods and by functional analyses of manipulated enzymes, that, after duplication, the evolution of HSS is characterized by time intervals related to various selection pressures, including purifying selection, relaxed functional constraints, and most likely positive Darwinian selection. Our data indicate that various kinds of proteinprotein interaction had an impact on the evolution of the new enzymatic activity from an ancestral gene that was at least bifunctional.
RESULTS

Identification of HSS and DHS from PA-Producing Convolvulaceae Species
We used degenerate oligonucleotide-primed PCR to identify sequences with homology to known DHS and HSS sequences within PA-producing species of the Convolvulaceae. Using cDNA preparations of Ipomoea neei and M. quinquefolia of various tissues, we were able to identify two fragments of each species showing a high degree of identity to the previously identified cDNA encoding the DHS of Ipomoea hederifolia (Reimann et al., 2004) . After completing these fragments by the rapid amplification of cDNA ends technique, comparisons that included the previously identified DHS of I. hederifolia revealed a high degree of sequence identity between DHS and HSS orthologs, respectively, within the genus Ipomoea. Therefore, we were able to amplify the full-length cDNA sequences coding for DHS of I. meyeri and I. neei and HSS of I. meyeri and I. hederifolia with primers that had been designed for the amplification of the open reading frame (ORF) of the DHS of I. hederifolia and the HSS of I. neei.
As no HSS-or DHS-specific sequence signatures are available, it is impossible to denote a sequence as HSS or DHS merely based on sequence data (Reimann et al., 2004; Nurhayati and Ober, 2005) . Therefore, all identified sequences were heterologously expressed in Escherichia coli, affinity-purified, and assayed for HSS and DHS activity. In accordance with Reimann et al. (2004) , all proteins with activity in the HSS assay (with only minimal DHS activity) were designated as HSS, whereas proteins with DHS activity (with or without additional HSS activity) were designated as DHS. Table 1 summarizes the specific activities and the resulting annotation of the recombinant proteins as DHS and HSS.
Identification of dhs and hss Genes from Various Convolvulaceae Species
To investigate the evolutionary fate of dhs and hss genes within the Convolvulaceae, we analyzed PA-producing species (I. neei, I. hederifolia, I. meyeri, and M. quinquefolia) and species that were found in previous studies to be free of PAs (I. alba, Ipomoea purpurea, Convolvulus arvensis, and Convolvulus tricolor; Eich, 2008) . The use of genomic DNA enabled us to identify gene fragments or nonactively expressed genes that were homologous to the dhs gene but that might have been silenced after their origin by gene duplication. The length and position of introns was predicted by a comparison of the genomic sequences with the cDNA sequences identified in this project. The determination of the number, position, and phase of introns did not result in the identification of an additional variable property, as these properties are identical for all identified genes from the Convolvulaceae species (see Supplemental Table 1 online) and to the dhs and hss genes of various other angiosperm families (Reimann et al., 2004) .
The dhs gene has been recognized as a single-copy gene within many eukaryotic genomes completed so far (Reimann et al., 2004; Nurhayati and Ober, 2005; Nurhayati et al., 2009) . Indeed, in the PA-free C. tricolor, we also found only one copy of a putative dhs gene. The same holds true for I. purpurea, although we amplified two homologous sequences. Most likely, they represent two alleles of the dhs gene, as they share a nucleotide sequence identity of 97.8 and 99.3% when the complete genomic sequences (including the introns) and the assembled exons are compared, respectively. However, in C. arvensis, we identified three homologous genes with a shared sequence identity, within the exons, of only 87 to 90%. Comparisons of the sequences with those of the other Convolvulaceae species suggest that one (carv-1) represents the intact dhs gene, whereas carv-2 and carv-3 are pseudogenes (see Supplemental Figure 1 online). In carv-2, the complete exon 5 is deleted so that an intron of 160 bp joins exons 4 and 6. In carv-3, the last 22 bp of exon 5 are lost, probably because of a modified splicing site. This results in a frame shift so that the ORF encodes a truncated protein. Of note, in PA-free I. alba, we have identified two genes with homology to dhs genes that are identical with respect to the number and phase of introns to the genes identified from other Convolvulaceae species and show no signatures of being pseudogenes. Sequence comparison suggests that these genes are orthologs to the dhs and hss genes, as one sequence shares 97 and 87% and the other sequence 87 and 95% sequence identity with the ORFs of the dhs and hss genes of I. neei, respectively.
Characterization of a Functional hss
Gene in Non-PA-Producing I. alba To test whether the two genes identified from I. alba are transcribed, we used RT-PCR with various plant tissues as template. With cDNA of shoots, two full-length cDNA sequences were amplified that showed 100% identity to the exon sequences of the putative dhs and hss genes of I. alba. Both cDNA sequences were heterologously expressed for biochemical characterization. HSS and DHS assays of the recombinant proteins confirmed that the putative dhs gene encoded a functional DHS. The protein encoded by the putative hss gene showed characteristics of HSS. However, the specific activity with putrescine as an aminobutyl acceptor was only slightly increased compared with the DHS, whereas the activity with eIF5A precursor was reduced, but not as Ipanguline-type PAs of Ipomoea species (section Mina) characterized by the saturated necine base platynecine forming mono-and diesters with aromatic and aliphatic necic acids (A). Triangularine-type PAs of I. meyeri (section Pharbitis) with saturated necine bases, predominantly turneforcidine, and aliphatic necic acids (B). Lycopsamine-type PAs of M. quinquefolia with the 1,2-unsaturated necine base retronecine and unique C 7 necic acids (C). Lolinetype PAs of A. mollis characterized by a 2,7 ether bridge and the replacement of C-9 by an amino substituent (D). The studied species in which the PA type was detected (with the exception of the loline-type PAs) are given. much as was the case for the HSS enzymes identified from other Convolvulaceae species (Table 1) . As I. alba is a PA-free species, the in vivo function of this enzyme is unknown.
HSS Evolved Only Once within the Convolvulaceae Lineage
In order to reconstruct the evolution of HSS within the Convolvulaceae, we inferred a gene tree. We used an alignment of cDNA sequences coding for HSS and DHS from various angiosperm species described previously (Reimann et al., 2004; Nurhayati et al., 2009 ) together with the functionally characterized sequences from this study. In addition, the exon sequences of the genes or gene fragments identified from the PA-free species of the Convolvulaceae were included. Figure 2A shows an unrooted maximum likelihood tree with good support for the monophyletic origin of sequences that belong to the monocots, the Asteraceae, and the Boraginaceae and for the two major families of the Solanales, namely, the Solanaceae and Convolvulaceae. The tree supports a single duplication event of an ancestor of contemporary dhs genes of the Convolvulaceae, resulting in two clearly distinct clusters encompassing DHS-and HSS-coding sequences (DHS clade and HSS clade, Figure 2B ). This duplication event is independent of the previously described gene duplications that resulted in HSS-coding sequences within four lineages of the Angiosperms (Reimann et al., 2004) . The topology within the DHS and the HSS clade reflects the taxonomic classification of the clade 1 sensu Stefanovi c of the Convolvulaceae (Miller et al., 2002 (Miller et al., , 2004 Stefanovic et al., 2002 Stefanovic et al., , 2003 with the sequences of Ipomoea species and Convolvulus species forming separate subclades and Merremia being placed on an independent branch. A phylogram obtained using a maximum parsimony algorithm shows a similar topology that supports the single-gene duplication event in the evolution of the species under study (data not shown). The exon sequences of the genomic sequences identified from PA-free species of the Convolvulaceae also fall into the two distinct DHS and HSS clades ( Figure 2B ). The sequences identified from I. purpurea and C. tricolor and one of the sequences identified from C. arvensis can be grouped with the biochemically characterized DHS-coding sequences, thus supporting their identification as dhs genes. Of note, the two other sequences identified from C. arvensis (i.e., carv-2 and carv-3) clearly fall into the clade of the HSScoding sequences. Apparently, in this PA-free species, a second duplication event of an ancestral hss-like gene resulted in the two extant paralogous genes that are most likely pseudogenes (see above). Furthermore, the phylogeny in Figure 2B shows that, of the two sequences identified from the PA-free I. alba, the DHS belongs to the DHS cluster, whereas the putative HSS clearly groups with sequences of the HSS cluster, thus confirming the results obtained by quantification of enzymatic activities.
Pairwise comparisons of DHS-and HSS-coding cDNA sequences show that amino acid distances (d aa ) and nucleotide distances (d na ) are smaller between orthologous DHS sequences than between paralogous DHS and HSS sequences (see Supplemental Table 2 online). A similar observation has been described previously for other plant lineages that are known to contain PA-producing species (Reimann et al., 2004) and has been interpreted as support for the assumption that the lost necessity of HSS to bind the eIF5A protein results in modified selective forces acting on individual amino acid positions.
Did Relaxed Functional Constraints or Positive Selection Affect the Evolution of PA-Specific HSS?
Increased distance values for paralogs might indicate relaxed functional constraints or even positive selection. To test for this kind of selection pressure, we calculated nonsynonymous substitutions per nonsynonymous site (dN) and synonymous substitutions per synonymous site (dS). Their relative rate (dN/dS) is defined as v, being a measure of the selective pressure at the protein level. Synonymous mutations are mostly invisible to natural selection, whereas nonsynonymous mutations might be under strong selective pressure. Therefore, v < 1 indicates purifying selection, v = 1 neutral evolution, and v > 1 positive Darwinian selection (Yang et al., 2000) .
Based on the DHS-and HSS-coding cDNA sequences identified from the Convolvulaceae and the DHS-coding cDNA sequences of the related solanaceous species tobacco (Nicotiana tabacum) and tomato (Solanum lycopersicum), we created two The values for specific activity refer to the affinity-purified recombinant proteins. Values noted with an asterisk are interpreted as main activity. n.d., not detectable.
data sets: (1) data set A excluding the pseudogenes (284 codons, 29 were invariant with identical nucleotides across all species) and (2) data set B including the partial exon sequences of the pseudogenes carv-2 and carv-3 (215 codons, 23 were invariant with identical nucleotides across all species). Using codeml, which is part of the PAML4 software package (Yang, 2007) , we calculated, as a first step in pairwise comparisons, averaged v-values over all sites in both amino acid alignments with similar results. Purifying selection for all sequences was indicated with v being clearly < 1. However, between HSS orthologs, the v-values were on average twofold higher (0.11 to 0.39) than between the DHS orthologs (0.06 to 0.17). Pairwise v-values of HSS and DHS paralogs of the same species ranged from 0.10 to 0.15. These slightly elevated v-values might result from a relaxation of selective constraints or from positive selection acting on only a subset of sites within the sequence or only during a short postduplication period of adaptive evolution (Yang and Nielsen, 2002; Rodin et al., 2005) . To test such scenarios, we compared various models implemented in the codeml software.
We applied the site model M1a (nearly neutral), which allows sites with v 0 < 1 and v 1 = 1, and the site model M2a (positive selection), which adds an extra category of sites with v 2 > 1. Both models allow the v-values to vary among sites but average v over all branches in the phylogeny (Yang et al., 2000) . With the log likelihoods of both models being equal, we were unable to detect positive selection (see Supplemental Table 4 online). With the branch model (Yang, 1998; Yang and Nielsen, 1998) , which allows the v ratio to vary among selected branches but averages it over all sites in the protein, we calculated the v-values for the branches in the HSS clade relative to the background ratio (v 0 ) for the branches in the DHS clade ( Figure 3A , data set A). In detail, separate v-values in the HSS clade were calculated for the following branches: branch B (v B ), branch C (v C ), and branch D (v D ); v a was calculated for the rest of the branches in the HSS clade ( Figure 3A ). This five-ratio model assumes that the ratios for branches A to D are different within the HSS clade and are also different from the background ratio. Under this model, we found slightly elevated v-values in the HSS clade with v a = 0.202, v B = 0.094, and v D = 0.165, whereas v 0 for the background branches was calculated to be 0.091.Thus, relaxed selective constraints are indicated to have acted in the HSS clade after the duplication event. Moreover, with a v C -value of 1.919 for branch C ( Figure  3A) , we have found indications that positive selection has acted in the evolution of HSS in that specific period. In a likelihood ratio test (LRT) according to Yang (1998) , we compared the branch model with a model that assumes the same ratio for all branches in the phylogeny (one-ratio or M0 model) and found support for the branch model, indicating that the v-values are indeed different among lineages (LRT 19.5, df = 4, P < 0.01; see Supplemental  Table 4 online, LRT2). Using the more elaborate branch-site model A, we calculated the v ratios for individual codon sites and along prespecified lineages (the foreground branches) on a phylogenetic tree with the site class v 2 > 1 being defined as positively selected sites (Yang and dos Reis, 2011) . With data set A, we separately tested, for positive selection, the four individual branches A to D and the whole clade a, which contains all HSScoding sequences ( Figure 3A ). For branches A and B, we found no elevated v-values. For branch C, the highest v ratio of 95.074 was calculated to act on 3 out of the 284 codon sites (0.9%; see Supplemental Table 3 online). Additionally, in branch D, we found an elevated v-value with v 2 = 22.923. To test the statistical significance, we used a LRT (see Supplemental Table 4 online, LRT3) of the branch-site model A and the branch-site model A with v 2 fixed at 1, which has been described by Zhang et al. (2005) as a direct test for positive selection. Of note, when multiple branches on the tree are tested for positive selection using the same data set, a correction for multiple testing is required for the correct interpretation of the data (Yang, 2007) . We used two methods: (1) the conservative Bonferroni method (Anisimova and Yang, 2007) and (2) the B-Y method (Narum, 2006) . Whereas none of the LRTs was significant according to Bonferroni's correction (P # 0.01; see Supplemental Table 4 online), the LRT for positive selection in branch C (LRT 5.378, P = 0.0204) was significant according to the B-Y correction (P # 0.0219).
To test for relaxed selection in a certain period of HSS evolution, which is indicated by an increase of sites with v = 1, we used the branch-site model A with v 2 fixed at 1. The site class p 2a includes sites that experience purifying selection in the background branches but neutral selection in the foreground branches (see Supplemental Table 3 online) . We compared the branch-site model A with v 2 = 1 for different a priori-defined foreground branches with the site model M1a as the null model, which assumes two categories of sites (v 0 # 1; v 1 = 1) averaged over all lineages. When testing single branches in data set A, the LRT4 was not significant for both corrections of multiple hypothesis testing, although the branch-site model A with v 2 = 1 detected sites under relaxed selection for branch B (22 sites, 8%) and C (96 sites, 34%). Of note, in branch A, no sites were calculated to experience relaxed selection, and the log likelihoods of the null model were equal to the model with relaxed selection in branch A (see Supplemental Table 3 online), indicating that, after gene duplication, purifying selection acted to the same degree on both copies and that there was no increase in neutrally evolving sites. However, when the whole HSS clade (clade a) was tested, 34 sites (12%) were calculated, with significance (LRT4 31.2, df = 2, P = 0.0000; see Supplemental Table 4 online), to have experienced relaxation of selective constraints, an observation indicating that, during the evolution of HSS, an increase of neutrally evolving sites occurred, but we are unable to specify a certain period.
When pseudogenes are included in the analyses (data set B, Figure 3B ; see Supplemental Tables 5 and 6 online), we obtain similar results. We found statistical support for positive selection acting in branch C when using the B-Y method for corrections of multiple hypothesis testing. The calculated v 2 value for the branch is 999.000, which means infinity, as no synonymous substitutions were calculated to act in branch C. However, we also found strong statistical support for relaxed selection in branch C (LRT 13.1, P = 0.0014) and in the whole HSS clade (LRT 27.9, P = 0.0000) according to both corrections for multiple hypothesis testing (Bonferroni, B-Y method). We also used data set B to estimate the age of the gene inactivation of the pseudogenes carv-2 and carv-3. We analyzed the v-values with the branch site model A with fixed v = 1 for branch P, which is the branch before the duplication in the genus Convolvulus and clade p, which comprises branch P and the two branches leading to the duplicated pseudogenes, as foreground branches ( Figure 3B) . We compared this model again with the nearly neutral site model to test for an increase of neutrally evolving sites (LRT4). The loss of selective constraint after gene inactivation should allow an increase of neutrally evolving sites (Chou et al., 2002) , which can be used to estimate the age of the pseudogenization event. In branch P, no increase was detected indicating purifying selection. When the whole clade was tested, we found an increase of neutrally evolving sites (p 2a = 9%), but the statistical support was weak (LRT 5.3, P = 0.0707), suggesting recent and independent pseudogenization of the carv-2 and carv-3 genes of Convolvulus.
How to Detect Sites That Are Involved in Optimizing HSS Functionality?
The output of the branch-site model calculation by codeml includes a probability list of sites assumed to be under positive selection (see Supplemental Tables 3 and 5 online) . When testing the whole HSS clade (clade a) with data sets A and B, the branch-site model identified several amino acid positions. When the branches C and D, which showed elevated v ratios, were tested individually, a small subset of these sites was calculated to be under positive selection (i.e., for data set A, Asn-281 and Gly-349 for branch C and Thr-120, Pro-159, and Leu-175 for branch D; numbering of amino acid positions refers to the DHS of I. neei). From the sites predicted by the various tested assumptions, three positions consistently distinguish DHS from HSS sequences (viz, . Exactly these sites were calculated to be under positive selection when branch C was tested for positive selection with data set B. Of note, in these predicted positions, the sequence of HSS from I. alba showed the same amino acids as the DHS enzymes ( Figure 4A ). As HSS of I. alba shows higher activity with the eIF5A precursor protein than other HSS, these predictions support the hypothesis that positive selection acted in branch C after the HSS of I. alba branched off and might have been responsible for the shift of substrate specificity from the eIF5A precursor protein to putrescine.
As shown previously, statistical methods used to predict positive selection often fail to identify sites of functional importance (Nozawa et al., 2009 ). Therefore, guided by our statistical analyses, we analyzed the impact of amino acid substitutions at the predicted sites on enzyme activity. We postulated that, in the DHS/HSS system, positive selection acted on individual amino acid positions to modify the substrate specificity of DHS by adaptive substitutions. Thus, the eIF5A binding capacity of DHS should be reduced when amino acids in positively selected positions are exchanged against their counterparts. HSS activity should not be decreased by these substitutions, but rather increased. We modified the codons predicted to be the most promising candidates for positively selected sites in the sequence encoding the DHS of I. Colored lines indicate branches that were defined a priori as foreground branches in separate calculations with the branch-site model. Furthermore, the whole HSS clade, marked with a gray box, was defined as a foreground clade in one calculation using the branch-site model. In the branch model, v ratios for five categories of branches were calculated: v 0 for branches in the DHS clade, v a for branch "a" within the HSS clade, and v B , v C , and v D for branches B, C, and D, respectively. The table summarizes the calculations of the branch model and the branch-site model. Note, in the branch-site model, v ratios (v 2 ) were calculated for individual codon sites along the prespecified lineages. The number of sites is given in parentheses and is one of the calculated variables of the branch-site model. In the branch model, v ratios were averaged over all sites in the protein. neei, resulting in the substitutions N266H, I277V, and N281D in single, double, and triple mutants. Comparison of these mutants with the wild-type DHS shows that the mutation N281D is the most effective in reducing DHS activity, while conserving HSS activity of the mutant. The mutation I277V has hardly any effect on DHS activity, but HSS activity is significantly increased. By contrast, in case of mutation N266H, DHS activity is significantly reduced, but HSS activity only slightly increased in comparison with the wild type. The double mutant N266H/I277V suggests that these mutations are responsible for an increase of HSS activity but not for a decrease of DHS activity. This interpretation is supported by the observation that the decrease of DHS activity of the triple mutant is similar to that of the N281D single mutant, whereas HSS activity reaches a value significantly higher than that of the wild-type DHS ( Figure 4B ). These observations confirm the statistical prediction of positively selected sites by codeml and support the hypothesis that the modification of the three selected amino acids is sufficient for a shift of the enzyme activity from DHS to HSS. However, the HSS activity of the mutant proteins is still lower than wild-type HSS from I. neei, indicating that further substitutions are involved to optimize HSS activity (Table 1) .
Tissue-Specific Expression of HSS and DHS in I. neei
To test the hypothesis that the diversification of duplicated genes concerns not only the modification of the structural gene, but also the transcriptional control (Force et al., 1999; Zhang, 2003; Ober and Kaltenegger, 2009 , and references therein), we performed RT-PCR experiments to detect the presence or absence of DHS-and HSS-coding cDNAs in various organs of I. neei, I. hederifolia, and I. alba. Supplemental Figure 2 online shows that, in all three species, HSS is transcribed differently in comparison with DHS. Whereas transcripts encoding DHS were detected in all four investigated (A) Amino acid polymorphisms between DHS and HSS of the Solanales. Shown are amino acids from position 220 to 290. Numbering of the amino acid positions is based on the amino acid sequence of the DHS from I. neei. Position 1 is defined as the start codon in the ORF. Identical amino acids are shaded gray. Sites that are calculated to be under positive selection with the branch-site model are boxed when clade a was tested and marked with an arrow when branch C was tested (Asn-281 with data set A, and Asn-266, Ile-277, and Asn-281 with data set B). (B) Relative activities of modified DHS proteins from I. neei compared with wild-type DHS (wt). DHS activity is determined by product formation with eIF5A precursor protein as substrate (blue), whereas HSS activity is determined with putrescine as substrate (red). *Significant differences from the activity of the wild type.
[See online article for color version of this figure.] plant organs, transcripts encoding HSS were detected mainly in young shoots and in roots. Using an affinity-purified antibody against HSS of I. neei, we were able to confirm the tissue-specific expression of HSS in I. neei at the protein level by detecting a signal exclusively in the protein extract of the roots (see Supplemental Figure  2 online).
DISCUSSION
Within the Convolvulaceae, PAs of various structural types occur in only certain isolated species (Eich, 2008) . For the Asteraceae, which are also characterized by different PA types, namely, the senecionine type and lycopsamine type, HSS as the first specific enzyme of PA biosynthesis has previously been shown to have been recruited independently within the lineages of the Senecioneae and the Eupatorieae (Reimann et al., 2004) . Therefore, speculating that PA biosynthesis also evolved repeatedly within the Convolvulaceae lineage, we identified and characterized HSS-and DHS-encoding cDNA sequences from several PA-producing and non-PA-producing species of this family. We have been able to show (1) that HSS as the first specific enzyme of PA biosynthesis evolved only once in one of the subclades of the Convolvulaceae by duplication of the DHS-coding gene; (2) that, in the genome of some recent PA-free species, no duplicates of the dhs gene can be detected, whereas in others, such as C. arvensis, relics of the hss gene are present that lost their function by pseudogenization; (3) that, in one PA-free species, I. alba, a functional copy of hss has been identified and demonstrated to be expressed; (4) that, according to statistical analyses, directly after the duplication event, purifying selection has acted; (5) that, along individual branches within the HSS sequence cluster, relaxed functional selection and even positive Darwinian evolution might have shaped and optimized the HSS, a statistical prediction supported by molecular experiments; and (6) that HSS and DHS diverged with respect to their tissue-specific expression.
Gain and Loss of HSS-Like Sequences within the Convolvulaceae
A phylogeny based on the cDNA sequences encoding HSS and DHS from various Convolvulaceae species, as identified in this project, together with previously published sequence data from other Angiosperm lineages (Reimann et al., 2004) , shows convincingly that HSS evolved from only one gene duplication event in one of the major subclades of this family (Figure 2 ). In this subclade, which is termed clade 1 sensu Stefanovi c (Stefanovic et al., 2002 (Stefanovic et al., , 2003 , and which encompasses the tribes Argyreieae, Ipomoeeae, Merremieae, and Convolvuleae, PAs have been detected previously in only individual species (Eich, 2008) . Our data suggest that the sporadic occurrence of PAs within this subclade is attributable to several independent losses of a functional gene copy in some tribes and species. Hence, by analyzing genomic DNA from several PA-free species, we have been unable to identify any hss-like sequences in the two species I. purpurea and C. tricolor but have identified two hss-like sequences in C. arvensis, both of which show signatures of pseudogenization. In I. alba, another PA-free species, we have been able to detect a functional HSS-like sequence that is transcribed within the plant.
Remarkably, this enzyme, although part of the HSS clade, shows significant DHS activity and a HSS activity that seems to be less optimized than other HSS sequences from this cluster (Table 1) . Whether this activity is a relic of the ability to produce PAs in an ancestor of this species or whether it has been recruited for a function other than PA biosynthesis remains open. Of note, I. alba produces indolizidine alkaloids, compounds with a fused sixand five-membered ring containing a heterocyclic nitrogen and showing slight structural resemblance to PAs (Gourley et al., 1969; Ikhiri et al., 1987) . In Castanospermum australe (Fabaceae), PAs co-occur with indolizidine alkaloids (Molyneux et al., 1988) . Further research should reveal whether the HSS-like enzyme is involved in the biosynthesis of these compounds.
Models for the Evolution of an Optimized HSS after Duplication of the dhs Gene
Despite the several cases of gene loss and pseudogenization detected in this study, the duplicated gene has escaped this extremely common fate of gene duplications in a number of species and has been successfully recruited as HSS for PA biosynthesis. Several models are discussed in the literature to explain the means by which gene duplication gives rise to new enzymatic functions (Long et al., 2003; Conant and Wolfe, 2008; Ober, 2010) . The classical neofunctionalization model proposed by Ohno (1970) suggests that, after gene duplication, one copy is redundant and freed from functional constraints. This copy collects randomly selectively neutral substitutions and might develop, just by chance, a new function. Other models suggest that the new function of one copy is an old property of an ancestor gene that is at least bifunctional or promiscuous and that has been co-opted to a primary role after the duplication (Depristo, 2007; Conant and Wolfe, 2008) . In contrast with nonadaptive models of gene evolution, which do not explain novel functions, the "escape of adaptive conflict model" postulates that a single-copy gene is selected to perform a novel function while maintaining its ancestral function. The resulting bifunctionality should result in a reduction of the copy's ability to perform the original function. Gene duplication resolves this adaptive conflict, as each copy is free to specialize by subfunctionalization and by positive selection on one of these functions (Piatigorsky and Wistow, 1991; Hittinger and Carroll, 2007; Des Marais and Rausher, 2008; Deng et al., 2010) .
Our data suggest that the evolution of HSS within the Convolvulaceae has signatures of various models. DHS occurs ubiquitously within eukaryotes, mostly as a single-copy gene, and has been shown to be essential for the viability of the cell . Therefore, the ancestor gene that was duplicated in the Convolvulaceae lineage most likely had the characteristics of a DHS, suggesting that one of the gene copies remained almost unchanged to guarantee DHS functionality, whereas the other copy diversified. This is a characteristic postulate of the neofunctionalization model of Ohno (1970) . On the other hand, functional analyses of the DHS proteins from various angiosperm species (Reimann et al., 2004) and of this study demonstrate that this enzyme catalyzes the formation of homospermidine (Table 1) . Therefore, DHS catalyzes, as an inherent activity, the reaction that was selected in one of the copies after gene duplication. Such a specialization of a gene copy to one of the functions of the ancestral protein is a central feature of the subfunctionalization theory (Conant and Wolfe, 2008) , which can be regarded as an "escape" of an adaptive conflict.
For the evolution of HSS, protein-protein interactions also have to be considered. Human DHS is a homotetramer organized as a dimer of two dimers, as two subunits at a time interact closely and form two active sites at the interphase of the subunits (Liao et al., 1998; Umland et al., 2004) . Biochemical comparisons confirm that native HSS is also a tetramer (Ober and Hartmann, 1999a) . After duplication of the dhs gene, protein-protein interactions might affect the fate of the duplicate in two ways. First, the protein encoded by the gene copy might still interact with the eIF5A substrate protein and compete with the second copy that ensures DHS functionality. Therefore, mutations in the gene copy that compromise the function but not the binding would interfere with the essential activity of DHS. Second, the protein subunits encoded by the diverging gene copies might form heterotetramers that are probably less efficient or even inactive (Wagner, 2003; Bridgham et al., 2008) . Indeed, our branch-specific analyses of selection pressures show that purifying selection directly after the duplication of the dhs gene delayed adaptive evolution. This selection-driven preservation of the two gene copies should have resulted in a longer half-life of the duplicated gene pair and in an increased likelihood for the evolution of a new function (Bridgham et al., 2008) . The situation changes later in the HSS clade. Along branch B, after the HSS of Merremia branched off, the branch model also suggests strong purifying selection (v = 0.094), but the branch-site model detects 24 sites with v = 1, giving hints of relaxed functional constraints (Figure 3 ). In branch C (i.e., in the evolution of the HSS of I. meyeri, I. neei, and I. hederifolia), the branch model and the branch-site model indicate that positive Darwinian selection has acted on the genes, most probably to reduce DHS activity while improving HSS activity. However, the branch-site model additionally predicts relaxed selection in branch C, when data set B, which includes the pseudogenes, is analyzed.
Several examples are described in the literature giving indications for the involvement of positive selection in the evolution of plant metabolic diversity, such as flower pigmentation, flower scent, and defense compounds (Bishop et al., 2000; Barkman, 2003; Lu and Rausher, 2003; Rodríguez-Trelles et al., 2003; Benderoth et al., 2006; Smith et al., 2013) . To establish the causality of this statistical prediction in the case of HSS evolution, we substituted three of the predicted sites in the amino acid sequence of the DHS of I. neei and have been able to show that these substitutions are indeed sufficient in the triple mutant to reduce DHS activity to almost one-third of that of the native DHS, while improving HSS activity ( Figure 4B) . A recent analysis of the impact of substitutions on protein functionality suggests that the most prominent effects are observed when several sites that are part of a collectively evolving network can flip simultaneously (McLaughlin et al., 2012) . Such a scenario might also be the reason for the strong effect of the triple mutant of HSS, with single and double mutants being less effective.
Relaxation of functional constraints should not be possible as long as the above-mentioned adaptive conflict is effective, because of protein-protein interactions, even though two copies exist. As an escape from this conflict, the separation of gene expression should allow each copy to be freed from their limited ability to evolve and to specialize with respect to its regulation. Transcriptional divergence is described in the literature as the most frequent fate of gene copies after the duplication event and is considered as a mechanism that allows the evolution of tissue and developmental specialization (Gu et al., 2002; Li et al., 2005; Duarte et al., 2006; Wapinski et al., 2007) . In the case of HSS evolution, this optimization affects essentially one of the two copies (i.e., the gene encoding the developing HSS). Our analyses of the transcript localization in various tissues of I. neei, I. hederifolia, and I. alba show that, in these three species, the hss gene transcript is detectable mainly in young shoots and the roots. An immunoblot analysis of HSS of I. neei defines the roots as being the predominant site of protein expression (see Supplemental Figure 2 online). The dhs gene transcript is detectable in all analyzed tissues, a pattern that is also described in other angiosperm lineages (Moll et al., 2002; Anke et al., 2004; Nurhayati and Ober, 2005) , suggesting that only the regulation of one copy was modified. Indeed, HSS expression is highly variable in various PA-producing lineages, making this enzyme one of the most diverse expressed proteins described in the literature (Niemüller et al., 2012) . Thus, for DHS and HSS, the spatial separation of expression might have been selected leading to the release of the two copies from the molecular constraints. As a consequence, the separation of expression should also allow the gene copies to diverge with respect to enzymatic function.
METHODS
Plant Material, Nucleic Acid Isolation, and cDNA Synthesis Seeds were collected from natural habitats or obtained from the Botanical Garden, Kiel (see Supplemental Table 9 online). Plants were grown under axenic conditions in vitro on a Murashige and Skoog medium modified according to von Borstel and Hartmann (1986) under a light-dark regime (16 h/8 h) at 25°C or in the greenhouse of the Botanical Garden (19 to 22°C without artificial light). Total RNA was isolated from fresh or stored (280°C) plant tissues using either the RNeasy Plant Mini Kit (Qiagen) or TRIzol reagent (Invitrogen) according to the manufacturer's protocols. First-strand cDNA synthesis of 1 µg total RNA was oligo(dT) primed (P1; all primers are given in Supplemental Table 7 online) using reverse transcriptases, such as Superscript III reverse transcriptase (Invitrogen). Genomic DNA was isolated using either the DNeasy Plant Mini Kit (Qiagen) or the NucleoSpin Plant II kit (Macherey-Nagel) according to the manufacturer's instructions.
Identification and Heterologous Expression of cDNAs Coding for HSS and DHS
To identify cDNA sequences that code for HSS and DHS in Ipomoea neei and Merremia quinquefolia, a PCR approach with a pair of degenerate primers (P2/P3) was used as described previously (Ober and Hartmann, 1999a; Nurhayati and Ober, 2005) . The rapid amplification of cDNA ends technique was used to identify the 39-and 59-ends of the cDNA sequences coding for HSS of I. neei and HSS and DHS of M. quinquefolia according to Ober and Hartmann (1999b) . Based on the resulting sequence data, we designed the primer pairs for amplification of the complete ORFs. The amplification strategies are summarized in Supplemental Table 8A online. A high sequence identity between orthologs of DHS and HSS within the genus Ipomoea allowed us to amplify the ORFs of both orthologs from Ipomoea meyeri and Ipomoea alba and the DHS from I. neei with the primer pairs designed for the amplification of the DHS encoding the ORF of Ipomoea hederifolia (P16/P17) and the HSS of I. neei (P18/P19). Sequences containing the complete ORF were cloned into the expression vector pET22b (Novagen), which encoded an artificial C-terminal hexahistidine (6xHis) tag extension. The resulting constructs were sequenced and used for expression in Escherichia coli BL21(DE3) according to Ober and Hartmann (1999a) . Recombinant proteins were purified using nickel-nitrilotriacetic acid metal affinity chromatography (Qiagen) according to the manufacturer's protocol. For biochemical characterization, the purified proteins were concentrated and rebuffered to standard buffer (100 mM Gly-NaOH buffer, pH 9, 1 mM DTT, and 0.1 mM EDTA). Successful expression and purity were monitored by SDS-PAGE analysis. Protein quantities were estimated according to Bradford (1976) .
Biochemical Characterization of Recombinant Proteins
Enzyme assays with radioactively labeled substrates were used to analyze the substrate specificity of the recombinant proteins. Two aminobutyl acceptors were tested: putrescine to test for HSS activity (HSS assay) and recombinant eIF5A precursor protein of Senecio vernalis to test for DHS activity (DHS assay). The recombinant eIF5A precursor protein from S. vernalis has been shown to be accepted by DHS proteins from various angiosperm species and to be a suitable substrate to estimate DHS activity (Reimann et al., 2004) . Assays contained 2.5 to 20 µg of purified recombinant protein and were incubated at 30°C. Aliquots were taken after 2, 4, 8, and 16 min to ensure linearity of product formation. Enzyme reactions and product quantification followed the basic protocol described by Ober and Hartmann (1999b) .
Identification of hss and dhs Genes
For identification of genomic sequences with homology to DHS-and HSS-coding genes in PA-producing and PA-free species of the Convolvulaceae, we performed PCR amplification with genomic DNA as template and AccuTaq LA DNA polymerase (Sigma-Aldrich) according to the manufacturer's instructions. Because of a high degree of sequence identity, we were able to amplify dhs-and hss-like genes with the genespecific primers P16/P17 and P18/P19, which had been designed for amplification of the complete ORF of the DHS of I. hederifolia and the HSS of I. neei from various closely related species. For the amplification of more divergent sequences, degenerate primers specific for the Convolvulaceae (P24 to P27) were designed based on an alignment of the HSS-and DHS-coding cDNA sequences of I. neei, I. hederifolia, I. meyeri, and M. quinquefolia and the DHS-coding sequences of tobacco (Nicotiana tabacum) and tomato (Solanum lycopersicum). For identification of the hss gene of I. neei, three overlapping fragments were generated (i.e., the 59-and 39-ends) using the primer pairs P18/P30 and P5/P19, respectively, and the internal fragment by an inverse PCR approach according to Ochman et al. (1988) using primer pair P28/P29. As a template for inverse PCR, genomic DNA from I. neei was digested with KpnI. All fragments were cloned into pGEM T Easy vector (Promega) or pCR-XL-TOPO vector (Invitrogen). The amplification strategies and the length of the identified fragments are summarized in Supplemental Table 8B online.
Sequence and Phylogenetic Analyses
DNA sequences were analyzed by the Wisconsin Software Package of the Genetics Computer Group (version 11.1; Accelrys). Using ClustalX 1.4 (Thompson et al., 1997) , the amino acid sequences of DHS and HSS were aligned and subsequently reconverted to a nucleotide alignment with BioEdit 7.0.5.3 (Hall, 1999) . The resulting alignments were employed to estimate phylogenies with the following software of the PHYLIP program package (Felsenstein, 2005) : DNAML as a maximum likelihood method with randomized input order. SEQBOOT and CONSENSE were used to estimate bootstrap values of 1000 replicates. To calculate distances of individual sequence pairs, DNADIST was used for nucleotide sequences with the two-parameter model of Kimura and a transition/transversion ratio of 2 (Kimura, 1980) , and PROTDIST was used for amino acid sequences with the Jones-Taylor-Thornton model (Jones et al., 1992) .
Analysis of Codon Substitution Patterns to Test for Positive Selection
The CODEML program from the PAML 4.1 package (Yang, 2007) was used to analyze codon substitution patterns with a maximum likelihood approach to test for potential positive selection. The data set included all identified HSS-and DHS-coding sequences of the Convolvulaceae and the DHScoding cDNA sequences from tobacco and tomato. Two alignments, namely, data set A excluding the pseudogenes (852 bp length after deleting gaps) and data set B including the coding regions of pseudogenes carv-2 and carv-3 (645 bp length after deleting gaps), were used to calculate a maximum likelihood tree using PAUP version 4.0b10 (Swofford, 1998) . A heuristic search was conducted with 100 random sequence additions and tree bisection-reconnection branch swapping. The topology of the tree and the alignment were used for the CODEML calculations. Model comparisons were performed as recommended recently Yang and dos Reis, 2011) . Briefly, the M0 model, which allows one dN/dS ratio (v) for all branches, was calculated as the simplest model and was compared with the more sophisticated models for consistency (Yang, 1997 (Yang, , 2007 . Furthermore, the site models M1a (nearly neutral) and M2a (positive selection) were calculated, which allowed the v ratio to vary among sites. Positive selection on different branches was tested by the branch model, which allowed the v ratio to vary among branches in the phylogeny, and by the more elaborate branch-site model A (Yang and Nielsen, 2002; Zhang et al., 2005) , which is aimed at detecting episodic positive selection that acts on a subset of sites and on a specific branch. The last-mentioned model divides the phylogeny a priori into foreground and background lineages. Only foreground lineages might have experienced positive selection (Zhang et al., 2005) . It assumes four site classes: p 0 as sites under purifying selection in background and foreground branches, p 1 as sites under neutral selection (v 1 = 1) in background and foreground branches, p 2a as sites under purifying selection, and p 2b under neutral selection in the background branches but v 2 $ 1 in the foreground branches. Thus, p 2a includes sites that have experienced positive selection within a certain time period compared with the background. The LRT was used to test for the statistical significance of the signal of selection (Anisimova et al., 2001) in the various models. The following LRTs were performed: LRT1, the branch model against the M0 model; LRT2, the site model M2a (positive selection) against the M1a (nearly neutral) (Yang, 1997; Yang and Nielsen, 2002) ; LRT3, the branch-site model A against the branch-site model A with v 2 fixed at 1 in the background branches; and LRT4, to test for neutral selection (Zhang et al., 2005) . In LRT3, the null model allows sites evolving under negative selection on the background lineages to be released from constraints and to evolve neutrally on the foreground lineages. Thus, the test is a direct test for positive selection on the foreground lineages (Zhang et al., 2005) . In LRT4, the branchsite model A with v 2 fixed at 1 was compared with the M1a (nearly neutral) site model as the null model. The M1a model calculates sites evolving under neutral selection (p 1 , v 1 = 1) averaged over all branches, whereas the branch-site model A with v 2 fixed at 1 detects an increase of neutrally evolving sites in the foreground branches (p 2a ) compared with the background branches, considered as a signature of relaxed selection. For multiple hypothesis testing, we used (1) the Bonferroni method to control the family-wise error rate according to (Anisimova and Yang, 2007) and (2) the procedure described by Benjamini and Yekutieli (2001) , which controls the false discovery rate, referred to as the B-Y method. Whereas the Bonferroni method is known to be most conservative (Anisimova and Yang, 2007) , the B-Y method is considered to deliver more biologically meaningful results (Narum, 2006) .
Site-Specific Mutagenesis
For the modification of DHS of I. neei, the pET22b-based expression construct containing the cDNA coding for DHS was used as the template. The mutations were introduced by a PCR-based strategy according to the instructions of the Quick-Change site-directed mutagenesis kit (Stratagene). For the single mutations of N266H, I277V, and N281D, primer pairs P31/P32, P35/P36, and P37/P38 were used. To introduce simultaneously the mutations I277V and N281D, the primer pair P33/P34 was used. After control sequencing, the mutated genes were expressed in E. coli BL21(DE3), purified by nickel-nitrilotriacetic acid agarose metal chelate chromatography, concentrated, and rebuffered to standard buffer for biochemical characterization in comparison with the wild-type DHS of I. neei. DHS and HSS activities result from at least six independent replicates. We calculated q-q plots to assign a normal distribution of data points, Levene tests to determine homogeneity of variance, and t tests to test for significant differences in activities.
RT-PCR for Detection of Gene Expression
Plant organs (young shoot, shoot, leaves, and root) were sampled from plants grown in the greenhouse, and total RNA was isolated and reverse transcribed as described above. For I. neei and I. hederifolia, primer pairs P16/P17 and P18/P19 were used to amplify the full-length cDNA of HSS and DHS, respectively. For the RT-PCR of I. alba, gene-specific primers P39/P40 and P41/P42 were designed to amplify an internal fragment of HSS and DHS, respectively. Aliquots of the reactions were analyzed after 35 cycles by agarose gel electrophoresis.
Polyclonal Antibody Preparation and Protein Gel Blot Analysis
To generate polyclonal antibodies, recombinant HSS from I. neei was expressed in 500-mL E. coli BL21(DE3) cultures and purified as described above. The protein was rebuffered to 5 mM potassium phosphate, pH 8.0, using Millipore (Amicon Ultra-4) concentrators. Freeze-dried aliquots (13 500 mg; 23 250 mg) were used to raise polyclonal antibodies in rabbits by repeated subcutaneous injections (Sequence Laboratories). The antibodies were affinity purified from the serum as described previously (Moll et al., 2002) . Plant organs were sampled from I. neei plants grown in the greenhouse, and soluble proteins were extracted, separated on 12% SDS-PAGE gels, and electroblotted onto a polyvinylidene difluoride membrane (RotiPVDF; Roth) as described previously (Anke et al., 2004) . To prevent protein degradation, proteinase inhibitors (10 mM PMSF, 0.5 mM EDTA, 1 mM benzamidine, 1 mg/ mL pepstatin A, 1 mg/mL leupeptin, and 5 mg/mL aprotinin) were added to the extraction buffer. After being blotted and blocked, the membrane was incubated with the affinity-purified polyclonal antibody (OD 280 = 2.4 3 10 24 ) for 1 h. Antibody-antigen reactions were detected using a goat-anti-rabbit secondary antibody conjugated to horseradish peroxidase (Dianova).
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